ABSTRACT Lakes and reservoirs are important parts of ecosystems and social developments. Separating scientific research on lakes and reservoirs is not conducive to measure water regulation services or defend against natural disasters. Accurate surface water information is of great significance to lake and reservoir management. To address this problem, we proposed a new automated lake and reservoir extraction process (LREP), which applied the modified two-mode (MTM) method to extract water from partial images by calculating thresholds in the normalized difference water index (NDWI) and the near-infrared (NIR) band; then, we estimated the segmentation thresholds from a set of NDWI thresholds obtained for the remaining images. Subsequently, a series of feature factors was used to remove rivers, shadows, and ponds. Finally, a new shape parameter called complexity was introduced to describe the edge characteristics of water bodies, distinguishing lakes and reservoirs from paddy fields and remaining ponds. We verified the algorithm using 154 Gaofen-2 images covering three cities: Liaoyuan, Xianning, and Zigong. The results indicated that the new LREP performed well with the overall accuracies of 99.38%, 99.27%, and 98.72% and the kappa coefficients of 0.92, 0.96, and 0.92 in Liaoyuan, Xianning, and Zigong, respectively. This method has the potential to monitor a variety of lakes and reservoirs, including lost lakes, new reservoirs, and surface water quality.
I. INTRODUCTION
Inland surface waters, especially lakes and reservoirs, play important roles in the environment and human wellbeing. Lakes and reservoirs can provide multiple services to both humans and the environment, including 1) provisioning water for recreation, fisheries, energy and transportation; 2) maintaining water quality, drought, flood and erosion control; 3) providing drinking, irrigation and industrial-use water; and 4) supporting biodiversity, nutrients, carbon cycles and primary production [1] . The size and quantity of lakes and reservoirs are particularly sensitive; these factors are important indicators of the regional response and show obvious changes when impacted by climate change and
The associate editor coordinating the review of this manuscript and approving it for publication was Lei Wu. human disturbances [2] . Accurate monitoring of the dynamic characteristics of lakes and reservoirs has important significance for the scientific utilization of water resources, the construction of ecological security systems and sustainable social development.
Several international and national institutions have addressed improvements to the ecologic state of inland water. The national Water Act of South Africa protects both human needs and aquatic ecosystems to secure a water resource balance and sustainable development [3] . The European Union Commission created the European Union Water Framework Directive (2000/60/EC) aiming to achieve a sufficient ecological status and potential of inland and coastal waters [4] . The Strategic Plan for the U.S. Integrated Earth Observation System made the protection and monitoring of water resources as one of nine application focus areas for earth observations and societal benefits [5] . The common targets of these directives are to improve water quality, guarantee the sustainable exploitation of water resources and support continual monitoring. These directives reflect a common main goal, the maintenance of a sustainable ecological or environmental status in inland waters, habitats and resources. In terms of the importance of lakes and reservoirs, the first national census for water was conducted in 2011 in China, which showed 2,865 lakes with individual perennial water surface area of 1 km 2 or above and 88,605 reservoirs. Since 2015, when there were 2,407 lakes with areas greater than 1 km 2 and 97,988 reservoirs with storage capacities of 0.1 km 3 , China has conducted remarkable reservoir development across the country and dramatically accelerated the shrinkage of lakes [6] . Synchronously, Chinese activities and climate change have driven physical and ecological changes to inland Chinese water bodies. However, this artificial census mobilizes all county-level administrations and requires over 1 year to complete, which is time-consuming and laborious. Furthermore, the spatial information on water changes is scattered and incomplete, making it impossible to assess the impact and reaction of human activities and climate change [7] .
Satellites provide spatiotemporal information, and their integration can lead to a better understanding of lakes and reservoirs. With the emergence of remote sensing data with high spatial, temporal and spectral resolution, in-depth quantitative and inversion studies of water remote sensing and the detection of water bodies have become a major focus of the current remote sensing technology research [8] . Focused on how to accurately and quickly extract water bodies over large scales, scholars have carried out various research projects and have proposed a variety of methods. Carroll et al. used regression trees, decision trees and a vector representation of grounding lines to extract water bodies from different latitudes to create a new global water mask with 250 m resolution [9] . Pekel et al. addressed 30 years of changes in global surface water by expert systems, visual analytics and evidential reasoning [10] . Hou et al. selected the valley between the two peaks of the normalized difference water index (NDWI) histogram from MODIS images to extract 102 lakes and reservoirs in the middle and lower Yangtze River (MLY) basin [11] . Zhang et al. developed global-local segmentations with thresholds from the Otsu method using Chinese Gaofen-1 satellite data to map lakes across the entire Tibetan Plateau in 2015 [12] . Zhang et al. used the modified normalized difference water index (MNDWI) to extract 200 major reservoirs in Texas from Landsat images over a 32-year period to estimate the monthly evaporation volume based on pan-derived evaporative rates [13] . Ran and Lu identified the artificial reservoirs constructed in the Yellow River basin using a supervised classification method [14] . Khandelwal et al. trained supervised classification models using samples from representative lakes, taking advantage of all seven MODIS spectral reflectance bands to produce time-varying global water maps, and they evaluated the performance of their approach for reservoir extraction [15] . However, global water body data sets are either static products, not allowing analyses of water body dynamics, or limited by product time. These index methods tend to be designed for particular areas, and the accuracy of supervised classification depends on the balance between the quantity and quality of the samples [16] .
In this study, the objective is to discover a new way to map lakes and reservoirs registered in the Ministry of Water Resources from GF-2 satellite images at the city scale [17] . To achieve this, we propose a new automated lake and reservoir extraction process (LREP) based on the idea of fully utilizing spectral information and shape features of objects [18] . As one method may not address the entire problem, the LREP employs the modified two-mode (MTM) method to extract water from partial images by calculating thresholds in the NDWI and near-infrared bands (NIR), and the segmentation thresholds in the NDWIs of the remaining images are estimated based on the obtained NDWI thresholds. Then, the complexity parameter is introduced to describe the edge characteristics of surface water together with a series of shape factors to remove rivers, shadows, and ponds. Finally, a confusion matrix is used to evaluate the feasibility and accuracy of mapping lakes and reservoirs. We verified the algorithm flow using 154 Gaofen-2 satellite images covering the three cities of Xianning, Liaoyuan and Zigong. The results indicate that the LREP performs well, and the method has the potential to monitor a variety of lakes and reservoirs, such as lost lakes, new reservoirs and surface water quality.
II. STUDY AREAS AND DATA

A. STUDY AREA
Xianning is composed of one district, one city and four counties, with an area of 9,861 km 2 [19] . The city is located between 113 • 32 -114 • 58 E and 29 • 02 -30 • 19 N in southeastern Hubei Province, central China. Xianning is situated in the transition zone between the MuFu Mountains and the Jianghan Plain. The landforms of Xianning are composed of two parts: the low mountain area lies in the southeast, accounting for 23% of the total area, and the hilly area lies in the northwest, accounting for 77% of the total area [20] . Xianning has a subtropical continental monsoon climate, and the mean annual precipitation is approximately 1,600 mm. Rivers and lakes crisscross Xianning, and there are reservoirs and springs everywhere. There are 19 lakes with areas exceeding 30 hectares, 561 reservoirs (as of 2016), 254 rivers, 39,546 ponds and 18,244 springs in the city [21] . The city is known as the ''hometown of hot springs in China''.
Liaoyuan, located between 124 • 51 -125
• 49 E and 42 • 17 -43 • 13 N, has an area of 5,140 km 2 and is positioned at the transition zone between the Changbai Mountains and the Songliao Plain. The city is mainly hilly and belongs to low hilly areas, with a number of low mountains. Liaoyuan has a semihumid and temperate continental monsoon. The annual average temperature is 5.4 • C, and the number of annual precipitation days is approximately 120 days. July and August are high-flow months, and January and February are dry months, which varies greatly during different periods. There are 257 rivers with lengths of 3-10 km and a combined length of 1543.6 km. Among these rivers, there are 23 main rivers, with 12 in the west and 11 in the east. Statistics suggest that 8 medium-sized, 33 small type-I and 102 small type-II reservoirs have been built and are currently in use [22] .
Zigong Figure 1 shows the overall area characteristics, lakes and reservoirs of these study sites.
B. GF-2 MULTISPECTRAL IMAGERY
The GF-2 satellite, launched in 2014, is the first Chinese civilian optical remote sensing satellite with a spatial resolution reaching the submeter level, and the satellite is equipped with two high-resolution 1 m panchromatic and 4 m multispectral cameras [24] . In addition, the breadth of the satellite data is 45 km, and the revisit period is 5 days [25] . Parameters of the GF-2 satellite have been shown in Table 1 . The main data source for detection is images from GF-2 with relative radiometric correction products downloaded from the China Centre for Resources Satellite Data and Application (CRESDA). There is an adequate amount of information about radiometric correction and geometric correction contained in these images.
We select images from GF-2 covering every city twice with an overall cloud cover of less than 5%, which includes Table 2 presents the quantitative information from the 2018 survey by the Ministry of Water Resources Information Center and descriptions of the GF-2 multispectral images for the three study areas.
III. METHODS
The methodology applied in the study is comprised of two parts. The main part is an automated algorithm that detects all water in images [26] . The second part is the removal of mixed objects, which uses the shape characteristics of lakes and reservoirs to remove shadows, paddy fields and rivers.
The main part begins with preparing GF-2 images by orthorectification using ENVI software with an SRTM 90 m digital elevation model (DEM) to correct the topography of each pixel in the image so that the image meets the requirements of orthographic projection. Then, the GF-2 images are clipped using the study areas to reduce computation time and errors during water extraction. The MTM method is then applied to obtain NDWI thresholds. If the extracted areas are within a fixed ratio interval compared to the entire image, the detected water bodies are considered to be accurate. Then, the threshold is placed into a queue for successful extraction from the NDWI images, and the extraction of water bodies from the corresponding image is considered complete. Otherwise, the next step is to apply the MTM method to calculate the threshold of the NIR band. However, the extracted water areas must be within the fixed ratio range compared to the entire image; if so, the water body extraction is complete. Otherwise, the average thresholds of adjacent images are used as the threshold to extract the water areas.
In the extracted water bodies, there is still a composite of rivers, shadows, paddy fields and ponds. We remove water bodies with an area of less than 0.01 km 2 , then set a rectangle in a certain range to separate rivers, remove adjacent smaller water bodies, and distinguish water bodies and shadows by comparing images from different periods; paddy fields are eliminated using the complexity factor.
All these processes are developed using IDL script in ENVI 5.1 and Python script in ArcGIS, and are applied after rough extraction of all water bodies. Figure 2 is an overview of the automated LREP, which summarizes how the satellite data are utilized to acquire lakes and reservoirs [27] .
A. MODIFIED TWO-MODE (MTM) METHOD IN THE NDWI
The NDWI was first proposed by McFeeters in 1996 and has been successfully applied to detect surface water in multispectral imagery from the Landsat Multispectral Scanner (MSS) [28] . The definition is as follows:
According to the equations and spectral feature curves of ground objects, the NDWI value of water surfaces is mainly concentrated in the high value area of the NDWI histogram curve [29] . Therefore, selecting a threshold for the NDWI histogram curve can separate most water from other objects.
The gray distribution curve of an image can be approximately considered as the superposition of two normal distribution functions [30] . Two peaks of the gray curve represent objects and background objects, and a certain value between the two peaks can be considered as the segmentation threshold. In reality, there are usually more than two peaks in the gray curve of one remote sensing image because of the existence of multiple objects and image noise.
Zhang et al. proposed a modified algorithm based on the two-mode (MTM) method to obtain the threshold from the smoothed histogram curve [30] . Let i be the number of pixel bins and f(i) be the results of the image pixel frequency. The researchers compared f(i) with the adjacent local neighborhood of f(s), where s = {i − m, i − m + 1, . . . , i − 1, i + 1, . . . , i + m − 1, i − m}; the parameter m is the width of the adjacent local neighborhood of f(i). If f(i) is greater than or equal to the maximum of f(s), i is a peak. The value of m is incremented from 1 until there are only two peaks remaining. If f(i) is less than or equal to the minimum of f(s), i is a trough. The definitions of the peaks and troughs are as follows:
P(i) and B(i) are values of the peaks and troughs, respectively, f max is the maximum of f(s), and f min is the minimum of f(s). Some methods usually use the trough or the middle of two peaks as the segment threshold [31] . However, we calculate both the trough and the middle value, compare them, and choose the smaller value as the threshold to detect as much water as possible. The definition of the threshold is as follows:
B 1 is the value of the trough, and P 1 and P 2 are the two peaks of the curve. We use the cubic spline interpolation method to smooth the NDWI histogram to obtain a smooth gray curve, apply the MTM algorithm to obtain the threshold, and finally segment the NDWI images with the threshold. To confirm that the water extracted accurately, we set a rule that when the detected water area is larger than 0.1 and less than 0.9 times the entire image, the water in the images has been accurately extracted.
In the water extraction process, an area ratio of less than 0.1 indicates that no water is extracted from the image, and an area ratio of greater than 0.9 indicates that nearly the entire image has been extracted. Both situations mean that these images are not suitable for use with the MTM method to obtain thresholds in NDWI images. Therefore, other methods should be applied to detect water in these images.
B. MODIFIED TWO-MODE METHOD IN THE NIR
During batch processing, the thresholds of several images cannot be calculated by the MTM algorithm using the NDWI images. There are two reasons for this occurrence. First, the cubic spline interpolation method cannot smooth all image histogram types, although it is one of the most commonly used methods to smooth histograms. Second, in some special cases, with an increase in the width of the adjacent local neighborhood m, the number of searched peaks is directly reduced from 4 or 3 to 1, which makes it impossible to obtain two peaks.
Faced with these problems, we use the MTM method to compute the peaks of other indices. The water reflectance is clearly much smaller than the reflectance of other objects in the NIR band, which concentrates water at low values in the NIR band and distinguishes water from other objects. We can utilize the MTM method on the NIR band (similar to the NDWI) but with some changes. In formula 4, the NDWI threshold is defined by the lower value of the middle and trough values because water is concentrated in the high region VOLUME 7, 2019 and we want to detect as much water as possible. Similarly, to obtain more water, we select the higher one between the middle value and the trough, and the NIR threshold definition is as follow:
B 1 is the value of the trough, and P 1 and P 2 are the two peaks of the curve.
We apply the same method to determine whether the water drawn from the NIR band is accurate. Namely, when the detected water area is greater than 0.1 times and less than 0.9 times the entire image, the process is successful; otherwise, we should take other measures to detect the water.
C. AVERAGE THRESHOLDS OF ADJACENT NDWI IMAGES
For the same reasons as the NDWI, the NIR band cannot extract the remaining images via the MTM method. According to Tobler's First Law of Geography (TFL), everything is related to everything else, but near things are more related than distant things [32] , [33] . Adjacent regions have similar climates, topographies and water qualities, which are reflected in images with similar spectral values. In the batch water detection process, we find that the NDWI thresholds of the GF-2 images in the same city are concentrated over a narrow range. Take Xianning as an example, the NDWI thresholds range from 0.27 to 0.35. Beyond this range, the number of mistaken objects increases significantly.
We record the NDWI thresholds obtained by using the MTM method and locations of the image centers in a queue. When the threshold of the NDWI or the NIR band cannot be obtained using the MTM method, we use the average NDWI thresholds of adjacent images as the segmentation threshold. Considering that an image is processed in a single unit, we define intersecting images as the adjacent images:
D is the distance between the target image center and other image centers, C 0 is the longitude and latitude of the target image center, C 1 is the longitude and latitude of the other image center, and L and W are the length and width of the image, respectively, which are the same for all GF-2 images.
D. REMOVAL OF CONFUSED OBJECTS USING MULTIPLE FACTORS
To detect lakes and reservoirs in the region, rivers, shadows, ponds, paddy fields and buildings have to be resolved after water extraction. This defines the geographic region where the image shape features are required to confirm the water class assignment [10] .
1) AREA FACTOR
Because there are many small water bodies in the extraction results, it is reasonable to use the area factor to primarily filter results to reduce subsequent computation. In China, natural water with an annual area of greater than 1 km 2 is registered as a lake, and the surface of large-sized reservoirs also exceed 1 km 2 . Considering that the areas of lakes vary seasonally and that medium-sized and small-sized reservoirs have areas less than 1 km 2 , a single body of detection with an area less than 0.01 km 2 is removed as a partial pond, hot spring, paddy field, bare soil or other small object after the batch water extraction process.
FIGURE 3.
Characteristics of rivers and reservoirs.
2) THE LENGTH-WIDTH RATIO OF THE EXTERNAL RECTANGLE
Rivers are assigned to the water class with similar spectral characteristics to lakes and reservoirs. However, narrow strip features in high-resolution remote sensing images make rivers different from other objects, which can be used to distinguish rivers from lakes and reservoirs which are usually between roundness and a rectangle in shape features. The length of the outer rectangle for a complete river is much longer than that of a lake or reservoir ( Figure 3) ; thus, the length-width ratio of the external rectangle can be used as a factor to validate rivers. The ratio is defined as follows:
L R denotes the length of the smallest outer rectangle in the connected area, and W R denotes the smallest outer rectangle width. Synthetically considering the resolution and width of an image and the characteristics of rivers in the study area, when the length-width ratio of the external rectangle is greater than 10, the terrain is determined to be a river.
3) TIME SERIES COMPARISON
Shadows (Figure 4 (a), (b), (c)), which occur due to image degradation, are a common problem in high-resolution remote sensing images. While abstracting information from images, the existence of shadows will result in inaccuracies or errors in the extraction results because the features of the objects are easily affected by shadows and become unclear. Shadows occur because high objects block direct sunlight, and they change shape and position over time.
To remove shadows, we choose images with a cloud content less than 5% and ensure that every part of the research area is covered by multiple images. Then, we superimpose the detection results at different times to determine whether the extraction contains shadows from existing objectives.
4) REMOVAL OF ADJACENT NON-LAKE AND NON-RESERVOIR WATER BODIES
Based on the above methods, there still remains a large number of non-lake and non-reservoir objects. Many water bodies with an annual area of less than 1 km 2 and paddy fields are associated with lakes and reservoirs. Because of the small proportion of lakes and reservoirs relative to an entire city and their functions for flood control and water storage, reservoir designers place few reservoirs adjacent to each other, which means only one of the several adjacent detection results is a reservoir. However, complete lakes and reservoirs are often separated by dams, bridges and roads; thus, we need to identify the scattered water bodies within 10 pixels and merge these water bodies into one complete water body ( Figure 5(b) ). Then, we rank the water bodies from large to small, generate their 200-m buffers ( Figure 5(c) ), and begin with the largest water body result to determine if any other buffers intersect. We compare the areas of these water bodies with intersecting buffers, retain the largest buffer corresponding to the water body and delete other water bodies to ensure no other mistaken water bodies exist within 200 m of a lake or reservoir ( Figure 5(d) ).
5) COMPLEXITY
Ponds and paddy fields are usually extracted with lakes and reservoirs due to their similar spectral properties and rectangularity. However, ponds ( Figure 6 (e)) have more complex shorelines than lakes and reservoirs due to natural erosion, human activities and lack of maintenance. Paddy fields ( Figure 6 (c)) are always fragmented by crops, which results in a more pronounced perimeter than lakes and reservoirs ( Figure 6 (a), Figure 6 (b)). Therefore, compared with lakes and reservoirs, ponds and paddy fields have more complex edges when they are roughly the same size. The perimeter to area ratio can characterize the edge complexity of a water body. However, to eliminate the influence of spatial resolution and number of pixels on the perimeter and area, we take the square of the perimeter instead. We define complexity to represent the complexity of the edge of one water body in a unit area. The formulation is as follows:
P is the perimeter, and S is the water body area. The complexity of paddy fields and ponds in the same area is much greater than that of lakes and reservoirs.
By constructing a two-dimensional coordinate system with complexity as the x-axis and area as the y-axis, the remaining extractions of Xianning can be identified (Figure 7 (a) ). Comparing the detected results with the actual lakes and reservoirs in Figure 7 (b), the complexity of most nonlakes and non-reservoirs is significantly greater than that of the actual lakes and reservoirs in the neighborhood, and non-lakes and non-reservoirs in this neighborhood are consecutive. To remove non-lake and non-reservoir detections, we compare the complexity of each result with its adjacent neighborhood. When the complexity is greater than all values in the neighborhood, we confirm that the extraction is a nonlake or non-reservoir result. Considering the scale of the data (approximately 1,500), we set both the left and right neighborhood widths to 2.
IV. RESULTS
The accuracy assessment is judged in terms of a confusion matrix at the pixel scale. The validation design considers the small spatial extent of inland water surfaces and its intrinsic spatiotemporal variations. Although validating the products with other high-resolution data, such as Google Earth and GF-1 images, is ideal, high-resolution images are not always temporally coincident with GF-2 data acquisition. Given the hydrological variability in surface water dynamics in the lakes and reservoirs where areas can flood and sluice, using high-resolution data at different times from the GF-2 acquisition would have introduced bias in our reference data. Because of the lack of temporal consistency and mismatch between high-resolution imagery acquisition dates, validation is performed using shapefiles from the Chinese first national census for water to determine the accuracy of the extracted lake and reservoir locations, and visual interpretation of experimental images is used to obtain the reference data [34] .
To generate the reference data, we utilize shapefiles of lakes and reservoirs from the Chinese first national census for water to determine the general geographical location of each lake and reservoir, and the accurate water pixels in the GF-2 images are identified on screen by experts who interpret a single pixel while using the surrounding broader area around the pixel for context. However, it is challenging to clearly assign mixed pixels to either a lake or reservoir; the experts use their best judgment and consult with others to resolve difficult cases [34] . A systematic sample frame (a grid 1 km by 1 km) is used to schematize every city [10] . The central points are created in each grid cell, and the points located within the referenced lakes and reservoirs are selected in ArcGIS. Some small and medium-sized reservoirs have no sample points for areas less than 1 km 2 ; thus, we manually add sample points into these reservoirs to obtain a set of reference data with at least one sample point in each lake and reservoir. Two reference data sets are produced: a sample of 1,870 pixels is distributed to a ''surface water stratum'', and 18,951 pixels are dedicated to a ''non-water stratum'' [34] .
The classification accuracy of the LREP is presented in Table 3 and plotted in Figure 8 to facilitate visualization [35] . The overall accuracy of every city is greater than 98%, and the kappa coefficient exceeds 0.90. In Xianning, the producer's accuracy and user's accuracy of water are 96.48% and 97.33%, respectively. The accuracy is also superior in Liaoyuan and Zigong. The producer's accuracy and user's accuracy of water are 93.98% and 90.63% in Liaoyuan, and 94.83% and 89.95% in Zigong, respectively. The kappa coefficient of Xianning is higher than for the other two cities because there are larger areas and more lakes and reservoirs to observe. Generally, the LREP method can be applied to different regions during different periods with high and reliable accuracy.
V. DISCUSSION
We propose a new automated lake and reservoir extraction method, and the results indicate that the method performs well. During the process of extracting lakes and reservoirs, we utilize functions of lakes and reservoirs (flood control and water storage) that are different from ponds to remove adjacent ponds at distances of 40 m and 400 m. Dikes and dams around lakes and reservoirs have smoother edges than ponds; thus, the concept of complexity is put forth to distinguish reservoirs and ponds with similar areas.
There are three steps to extract all water bodies: the MTM method calculates thresholds for the NDWI images and NIR bands, and the average thresholds of adjacent NDWI images are obtained. Neither is indispensable, nor is the order adjustable. The thresholds computed using the NDWI and NIR images via the MTM method cannot detect water bodies from all images; thus, the average method is needed to infer thresholds of the remaining images. The average of the NIR thresholds is not used as a segmentation threshold because the spectral value range of NDWI is [−1, 1], while the NIR is [0, 255], with larger threshold range fluctuations resulting in greater errors. Because NDWI thresholds are required for the threshold queue and there is coincidence in the NDWI images and NIR images computed by the MTM method, NDWI image segmentation should be the first step. The mean value reflects trends in a set of data and represents the distributing probability of a single sample value. Therefore, the mean thresholds are less robust than the thresholds obtained directly from the NDWI and NIR images using the MTM method. To reduce segmentation errors, it is best to use the average method in the last step.
Thresholds in the NDWI images of each city are concentrated over a narrow range. (Figure 9 (a) ).
High-resolution remote sensing data from GF-2 are extracted for all lakes and reservoirs using area factors, length-width ratios of external rectangles, time series, and complexity to remove rivers, shadows, ponds and buildings [34] . The storage capacity and water area of lakes and reservoirs vary seasonally. Artificial constructions of diversion canals, paddies and dams will also permanently change the shapes of lakes and reservoirs (Figure 9 (b) ). These problems result in different shapes of lakes and reservoirs compared with the results of the Chinese first national census for water in 2011. Therefore, the reference data should be retrieved from experimental images for accuracy verification.
There are overlaps in the remote sensing data. Shadows and clouds in the extraction can be removed by comparing different overlapping images, although multistage lake and reservoir extraction results cannot be used for this purpose (Figure 9 (c) ). In the image overlap areas, the superposing image that extracts the most water and the least nonwater objects is retained by comparing the overlapping image detections [36] .
According to the results, lakes and reservoirs in all three cities account for less than 6% of the entire land area. There are no registered lakes in Zigong and Liaoyuan, where there are mainly river basins that produce numerous ponds. Xianning is known as ''the home of hot springs'' with more than 2000 hot springs, and many of these small water bodies exceed the area of small reservoirs, which makes reservoir extraction more difficult. However, a combination of natural erosion and surrounding artificial structures has been employed to model the more complex edges of springs than reservoirs, which can distinguish most springs from reservoirs.
The leakage of reservoirs and mistaken detection of approximate lakes and reservoirs are the two main causes of low accuracy and precision when estimating lakes and reservoirs. Some ponds are converted into small reservoirs for drinking and manufacturing with slight alterations (Figure 9 (d) ). This reservoir type is not obviously different from other ponds or lakes, which makes it difficult to separate from other ponds in the imagery. Several lakes and reservoirs are located at the junctions of cities, and the parts outside the three cities are not included in the accuracy verification, which reduces the accuracy (Figure 9 (e) ). A few small reservoirs are not detected because of low water storage and reclamation.
Paddy fields, shadows, rivers, buildings and ponds are the most common sources of confusion. Large areas of wetlands along lakesides have been reclaimed to irrigate fields, and lakes flow into paddy fields as agricultural drainage water ( Figure 9 (f)) [37] . The spatial adjacency and hydraulic connection of paddy fields and lakes result in them being mapped together. Burned paddy residues are also mapped because the NIR is one of the most responsive bands to delimit burned areas, although they can be eliminated because the irregular perimeter increases complexity (Figure 9 (g)) [38] .
Many lakes and reservoirs are directly connected with rivers to exchange and discharge water, which results in connected rivers being extracted with lakes and reservoirs [39] . Several river-type reservoirs are constructed by blocking a stream with dams ( Figure 9 (h)) [40] . Such reservoirs are difficult to extract alone from rivers. Bridges, dams, clouds and edges of images change the shape features of rivers, especially the length-width ratio of the rectangle, and segmented rivers are partially retained as reservoirs (Figure 9 (i) ).
Three sources of shadows are addressed in the images: clouds, mountains and buildings (Figure 9 (j), (k), (l)) [10] . Shadows have complex edge features, and they can be detected through comparison with other images in a time series or based on complexity. However, shadows projected on the surfaces of lakes and reservoirs are difficult to remove. A few buildings and their cast shadows are mistakenly extracted together, which can be identified by their complexity but not time series imagery.
It takes approximately 45 hours to manage 154 images covering the three cities. The IDL script is executed to obtain the segmentation threshold and generate vector results of the water bodies. The Python script is applied to filter the extraction results according to the area factor, calculate the length to width ratio of the outer rectangle, remove adjacent non-lake and non-reservoir water bodies and calculate the complexity of every water body vector. In the process of obtaining the segmentation thresholds, the MTM method is applied to sequentially compute thresholds for the NDWI images and NIR images. However, if the sequential processes are changed into parallel processes, the total computation running time can be decreased by nearly 1/15 [41] . The process is slowly implemented to generate vector results in the IDL platform, and 1/8 of the computation time can be reduced through compilation with the GDAL library. To remove shadows, the GF-2 images covering the experimental area are overlapped, and partial areas are covered up to five times. It is a new source to reduce data volume and processing time if we exploit a new method to clip the overlapped area out of every image and select only two images of different time to cover sites.
VI. CONCLUSION
It is difficult to solve all classification problems with a single classification method because of the complexity of surface features. We proposed a composite scheme to delineate lakes and reservoirs with high-resolution imagery at the city scale. The proposed method adopts a hierarchical structure that aims to overcome mass water extraction based on threshold segmentation [42] . Then, rivers, shadows and ponds are removed according to the shape properties of lakes and reservoirs, which are different from other water bodies and mistaken surface features. Finally, the lake and reservoir results are obtained. During the research, the segmentation thresholds of images from one kind of satellite in a region were found to be concentrated within a certain range. The concept of complexity is introduced to describe the edge characteristics of reservoirs and ponds and to distinguish them from each other.
With three cities having different topography and locations in China, lakes and reservoirs are detected from 154 GF-2 images. The results show that this method has a good performance with an average overall accuracy of 99.12% and an average kappa coefficient of 0.93. Validation indicates that the lake and reservoir results have high accuracy and can be applied to monitor the spatial and temporal patterns of inland artificial water surface variations, such as lost lakes, new reservoirs, and lake and reservoir water quality.
However, other possibilities for improvement and utilization should be considered. For example, given that the GF-2 images have a nationwide coverage, the proposed method should be applied to other cities to assess the method's abilities. Multiple repeated coverage and processing time could be further optimized. Additionally, research should be conducted to determine the influence factors of reservoirs, such as population density, economic development and river and lake locations, and the rationality of reservoir location will also be discussed in a future study. CHAO SONG is currently pursuing the Ph.D. degree in remote sensing and information engineering with Wuhan University, Wuhan, China.
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